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Ctenophores possess eight longitudinally arrayed rows of comb plate cilia. Previous intracellular cell lineage analysis has
shown that these comb rows are derived from two embryonic lineages, both daughters of the four e1 micromeres (e11 and e12)
and a single daughter of the four m1 micromeres (the m12 micromeres). Although isolated e1 micromeres will spontaneously
enerate comb plates, cell deletion experiments have shown that no comb plates appear during embryogenesis following the
emoval of e1 descendents. Thus, the m1 lineage requires the inductive interaction of the e1 lineage to contribute to comb
plate formation. Here we show that, although m12 cells are normally the only m1 derivatives to contribute to comb plate
formation, m11 cells are capable of generating comb plates in the absence m12 cells. The reason that m11 cells do not normally
ake comb rows may be attributable either to their more remote location relative to critical signaling centers (e.g., e1
descendants) or to inhibitory signals that may be provided by other nearby cells such as sister cells m12. In addition, we show
that the signals provided by the e1 lineage are not sufficient for m1-derived comb plate formation. Signals provided by
endomesodermal progeny of either the E or the M lineages (the 3E or 2M macromeres) are also required. © 2001 Academic Press
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aINTRODUCTION
Ctenophores are “diploblastic” pelagic marine animals
thought to occupy a key position in metazoan phylogeny
(Wainright et al., 1993; Ax, 1996; Collins, 1998; Zrzavy et
l., 1998). The defining or apomorphic feature of the phy-
um Ctenophora is the presence of eight longitudinal rows
f ctene or comb plates (Ctenophora 5 “comb bearers”) that
un along the main body axis (the oral–aboral axis, Fig. 1).
ach comb plate is generated by epidermal polster cells that
ossess thousands of laterally arrayed cilia. The coordinated
eating of the comb plates within each comb row propels
he animal through the water column.
Embryologically, ctenophores are known for two distinct
eatures. They display a highly stereotyped, phylum-
pecific cleavage program in which each cell in the early
mbryo can be identified on the basis of its position and
ineage history (Reverberi and Ortolani, 1963; Reverberi,
971; Martindale and Henry, 1997a, 1999). They also ex-
ibit a “mosaic” nature, which results from their lack of
bility to regulate during the embryonic period following
1 To whom correspondence should be addressed. Fax: (217) 244-
1648. E-mail: j-henry4@uiuc.edu.40lastomere removal. For example, blastomeres separated at
he two-cell stage each generate a juvenile adult possessing
xactly one-half of the normal complement of adult pattern
lements (Chun, 1880; Driesch and Morgan, 1895; Martin-
ale, 1986; Henry and Martindale, 2000).
Early studies examining the origins of comb plates sup-
orted the mosaic nature of ctenophore development. Cell
ineage experiments using chalk particles revealed that
ndividual comb rows were generated solely by single
aughter cells of the e1 micromere lineage, the e11 and e12
micromeres at the 32-cell stage (Fig. 2) (Reverberi and
Ortolani, 1963). The deletion of all four e1 micromeres, but
ot other cells, at the 16-cell stage resulted in the complete
oss of comb rows (Farfaglio, 1963; Martindale, 1986; Mar-
indale and Henry, 1997b; Henry and Martindale, 2000).
A reinvestigation of the origins of comb plates using more
efined intracellular lineage tracing techniques revealed
hat, in addition to the two e1 daughters, the m1 micromere
ineage contributes to comb plate formation (Martindale
nd Henry, 1997b). However, only one of the two m1
micromere daughters, m12 that happens to be located clos-
est to e1 derivatives, gives rise to comb plate derivatives
(Fig. 2). None of the other E or M stem cell sublineages was
found to generate comb plates (Martindale and Henry,0012-1606/01 $35.00
Copyright © 2001 by Academic Press
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41Inductive Signals in Development of Mnemiopsis leidyi1997b, 1999). Because no m1-derived comb plates are gen-
erated following e1 removal, but removal of m1 blastomeres
has no effect on the appearance of e1-derived comb plates, it
is clear that e1 or its derivatives generate an essential
inductive signal for the m1 derivatives (Martindale and
enry, 1997b). The inductive role of e1 micromeres in
ctenophore development is also apparent in the absence of
the endodermally derived canals that normally run subja-
cent to each comb row, when e1 cells are removed (Chun,
880; Driesch and Morgan, 1895; Martindale, 1986; Martin-
ale and Henry, 1997b). Thus, it would appear that e1 and
its derivatives interact with m1 as well as E and M endoder-
mal derivatives. This study uses cell lineage and cell
deletion techniques to investigate the cell interactions
required for m1 comb plate formation. We show that, while
12 cells are normally the only m1 derivatives to contribute
to comb plate formation, both m1 daughters are capable of
forming ctene plates. Surprisingly, the signals provided by
the e1 lineage are not sufficient to induce m1 cells to form
omb plates. Signals provided by endomesodermal progeny
f either the E or the M blastomeres are also required for
1-derived comb plate formation.
MATERIALS AND METHODS
Adult Mnemiopsis leidyi were obtained from the waters sur-
ounding Woods Hole, Massachusetts, and embryos prepared as
reviously described (Martindale and Henry, 1995, 1997b). To
ollow the fates of m1 blastomere derivatives, these cells were
injected with diI (Molecular Probes, Eugene, OR) dissolved in
soybean oil at the 16-cell stage following the protocol of Martindale
and Henry (1995, 1997b). To study the requirements for specific
FIG. 1. Diagrams of the basic adult body plan of the ctenophore: (
animal in A is oriented with the aboral pole (site of the apical organ
are labeled in B.Copyright © 2001 by Academic Press. All rightinductive interactions, defined sets of blastomeres (including vari-
ous combinations of e1 and m1 micromeres or their progeny) could
be generated by the selective destruction of one or more sets of
embryonic lineages using glass needles (Tables 1 and 2). Embryos
were cultured in 0.22 mm filtered seawater (FSW) for 24–48 h on
elatin-coated plastic petri dishes and examined live in a 1:1
ixture of FSW and 6.5% MgCl2 (in deionized water) with slight
compression under a coverslip using a Zeiss Axioplan microscope
equipped with DIC and fluorescence optics. Images of living
animals were recorded on 400 ISO Kodak Ektachrome film or
captured with an Optronix DI750 color CCD camera using an
IMAXX (PDI, Redford, WA) frame grabber on a Macintosh com-
puter, a SPOT digital camera (Diagnostic Instruments, Inc., Ster-
ling Heights, MI), or a Zeiss Axiocam digital camera.
RESULTS
Comb Plate Lineages
Comb plates are generated by the derivatives of the two
major stem cell lineages found at the 8-cell stage the E (“end”)
and (“middle”) blastomeres (Fig. 2). At the 16-cell stage, each
of the four E cells and four M cells gives rise to a small
blastomere at the aboral pole, the e1 and m1 micromeres,
respectively. Subsequently, each of these micromeres divides
in a meridianal fashion to generate two daughter cells. The
daughter that lies closest to the sagittal (esophageal/
pharyngeal) plane is defined as the e11 or m11 cell, and the
daughter furthest from the esophagus and closest to the
tentacular pole is called the e12 or m12 cell. Previous cell
lineage analysis indicates that e11, e12, and m12 micromere
daughters normally contribute to comb row formation (Fig. 2)
(Martindale and Henry, 1997b, 1999). The exact contributions
by these cells are somewhat variable. For instance, while both
eral view. (B) aboral view. Various structures are as indicated. The
ard the top of the figure. The tentacular (T) and sagittal (S) planesA) lat
) tows of reproduction in any form reserved.
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42 Henry and Martindalee11 and e12 micromeres always give rise to comb plates, m1
cells give rise to comb plates in most (82%), but not all, of the
cases (Martindale and Henry, 1997b). Furthermore, we showed
that, if e1 cells were labeled and adjacent m1 cells were
ablated, labeled comb rows formed in virtually every case. On
the other hand, if m1 cells were labeled and e1 cells are ablated,
o labeled comb rows were ever formed during embryogenesis
Table 1) (Martindale and Henry, 1997b).
e1 Induction
The ctenophore embryo has no axial organization prior to
first cleavage (Freeman, 1977). Thus, the distinct e1 lineage
that generates comb plates and the ability to induce comb
plates from m1 derivatives is generated as an active conse-
uence of the cleavage program that shunts developmental
otential to the tentacular ends at the aboral side of the
mbryo—the future sight of e1 micromere production (Fig. 2)
(Freeman, 1976). Normally, the e11 cell lies closest to the m12
FIG. 2. Early cleavage pattern of M. leidyi showing the segregati
micromeres up through the 32-cell stage. Those cells that normall
m11 (colored in green), can also contribute to comb plate formatio
agittal (S) planes are labeled in (B) and (C) and these same orienta
f Martindale and Henry (1999). Micromere identities are symmetr
or the sake of simplicity. The various views are as indicated.Copyright © 2001 by Academic Press. All rightcell that also forms comb plates. To determine whether the
division of the e1 micromere asymmetrically segregates induc-
tive ability to only one of its two daughter cells, all four either
e11 or e12 blastomeres were deleted, following injection of diI
nto all four m1 cells at the 16-cell stage. The results show that
he surviving e1 daughter cell and the m1 derivatives make
comb plates in a high percentage of cases, regardless of which
e1 daughter is ablated (Table 1, Figs. 3A–3D).
m1 Response
Normally only the m1 derivative (m12) closest to the e1
derivatives contributes to comb plates (Martindale and Henry,
1997b). We have confirmed that m11 does not normally con-
tribute to comb row formation (Figs. 3E and 3F). To determine
whether both m1 daughter cells are capable of generating
omb plates, all four m1 cells were injected at the 16-cell stage
and all four either m11 or m12 cells were killed at the 32-cell
stage. As expected, when m11 cells were deleted, the m12 cell
f comb plate-forming potential to the daughters of the e1 and m1
comb plate cilia are colored in red. The sister cell of m12, called
m12 is removed (see Results and Table 1). The tentacular (T) and
are used for all the stages shown. Cell nomenclature follows that
cross the tentacular and sagittal planes, so not all cells are labeledon o
y form
n if
tions
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43Inductive Signals in Development of Mnemiopsis leidyiwent on to make contributions to one or more comb plates
(Table 1). When the m12 cell was deleted, labeled comb plates
erived from the m11 micromere were also observed (Table 1,
Figs. 3G and 3H). Interestingly, if two adjacent m2 cells are
abeled and all four m1 cells are ablated (21 cases, data not
hown), comb rows are always unlabeled, indicating that
nlike m1 progeny, m2 progeny are apparently unresponsive to
comb plate inductive signals.
Role of Other Cell Interactions in Comb Plate
Formation
The above reported experiments (see Table 1) indicate
that e1 or its progeny are required for m1 progeny to form
omb plates. To determine whether other cell interactions
ay be involved in m1-derived comb plate formation, we
prepared specific combinations of blastomeres by removing
the surrounding cells early during development. Isolated e1
micromeres alone spontaneously generated comb plates
within 12 h of culture (Table 2, Figs. 4A and 4B), but
isolated m1 micromeres never did (Table 2, Figs. 4C and
D). Surprisingly, when labeled m1 micromeres were cul-
tured with unlabeled e1 micromeres, comb plates form,
although none of these were labeled (Table 2, Figs. 4E and
4F). Together, these data indicate that the interactions
between e1 and m1 micromeres, while required, are not
FIG. 3. Corresponding differential interference contrast (DIC) an
ilia by the progeny of labeled m1 derivatives in embryos with al
iI-labeled m1 cells make comb plate cilia. (C, D) Likewise, diI-lab
Shows that normally, m11 cells do not contribute to comb plate fo
ake comb plates, as shown in (G) and (H). Note that in F, DiI-lab
abel the comb rows or comb cilia (contrast with B, D, and H). cp,Copyright © 2001 by Academic Press. All rightsufficient to induce comb plate formation by m1. To deter-
mine which additional cell interactions are involved, we
systematically included other unlabeled embryonic lin-
eages with sets of unlabeled e1 plus labeled m1 micromeres
(see combinations listed in Table 2). For instance, unlabeled
e1 plus labeled m1 micromeres cultured together with all
he other aboral micromeres, e2, e3, and m2 (generated by
ablating the 2M and 3E macromeres) did not generate
labeled comb plates (Table 2, Figs. 4G–4J). Only in those
combinations that contained e1 cells together with some
ndomesodermal progenitors did labeled m1-derived comb
plates arise (Table 2, Figs. 4K–4N).
DISCUSSION
Inductive Interactions Involved in Comb Row
Formation
The results clearly show that multiple inductors are
required to induce m1 progeny to form comb plates. These
nclude the e1 micromere lineage and the endomesodermal
rogeny of the 2M and 3E macromeres. Although m1-
derived comb plates form in the presence of either 3E or 2M
derivatives (with e1 blastomeres present), at this time we
annot distinguish which progeny of these macromeres
either endodermal and/or mesodermal) are involved in
rescence light micrographs showing the formation of comb plate
cellular arrangements. (A, B) In the absence of adjacent e11 cells,
m1 cells also make comb plates in the absence of e12 cells. (E, F)
ion; however, in the absence of m12 cells, diI-labeled m11 cells can
cells are present around the bases of the comb plates but did not
b plates. Scale bar, 25 mm.d fluo
tered
eled
rmat
eled
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Copyright © 2001 by Academic Press. All rightthese inductive events. Both of these lineages give rise to
endodermal and mesodermal (muscle) cells (Martindale and
Henry, 2000). Other observations suggest that the
endoderm plays an important role in comb plate formation.
In a related series of experiments examining the process of
postregeneration of comb rows, which takes place after the
embryonic period (Martindale, 1986; Henry and Martindale,
2000), we frequently observed that endodermal tissue first
extends out to lie beneath the area where comb row
regeneration will eventually take place. Furthermore, the
endodermal canals that normally run underneath the comb
rows also fail to form following e1 micromere removal,
lending support to the idea that the endoderm is involved in
the appearance of m1-derived comb plates. It will be a
challenge to design an approach that distinguishes which
endodermal and/or mesodermal derivatives are involved in
FIG. 4. Corresponding DIC and fluorescence light micrographs
showing the formation of comb plate cilia by the progeny of e1 and
m1 derivatives in embryos consisting of reduced combinations of
mbryonic cells. (A, B) Isolated unlabeled e1 micromere, which has
ormed comb plate cilia. (C, D) Isolated group of two diI-labeled m1
micromeres, which have not formed any comb plates. (E, F) Cluster
of four unlabeled e1 and four diI-labeled m1 micromeres, which has
formed unlabeled comb plates derived solely from the unlabeled e1
progeny. (G, H) Case in which all four 3E and all four 2M
macromeres were ablated after diI labeling of all four m1 micro-
meres. Note that only unlabeled e1-derived comb plates have
formed in the absence of the endomesoderm. (I, J) High-
magnification views of the upper left set of ctene plates shown in
G and H showing that there are no labeled comb plate cilia. (K, L)
Case consisting of four unlabeled e1 and four diI-labeled m1
micromeres together with two unlabeled 1M macromeres. Note
that m1 progeny have contributed to the formation of fluorescently
labeled comb plates. (M, N) High-magnification view of a case
consisting of four unlabeled e1 and four diI-labeled m1 micromeres
together with two unlabeled 1E macromeres. Note that the m1
micromeres have generated labeled, comb plate cilia. cp, comb
plates. Scale bar equals 25 mm for A–H, K and L, and 15 mm for I and
and M and N.
TABLE 1
Appearance of Comb Plates Following Blastomere Deletion in
Embryos of the Ctenophore Mnemiopsis leidyi
Blastomeres Comb plates
illed Labeled Present With label
m1 e1 92% (22/24)a 92% (22/24)a
e1 m1 0% (59/59)a 0% (59/59)a
e11 m1 100% (38/38) 84% (32/38)
e12 m1 100% (30/30) 87% (26/30)
m11 m12 100% (24/24) 79% (19/24)
m12 m11 100% (49/49) 76% (31/49)
a From Martindale and Henry (1997b). See text for further details.s of reproduction in any form reserved.
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45Inductive Signals in Development of Mnemiopsis leidyiembryonic comb plate induction, given that these germ
lineages separate late during development. Here we have
clearly shown a requirement for both e1 and the endome-
odermal lineages in inducing m1 progeny to form comb
plates.
The results indicate that the inductive ability to induce
comb plates is not differentially segregated between the two
daughter cells of e1 (the e11 and e12 cells). Either the
induction occurs prior to division of e1 (at the 16-cell stage)
or both daughter cells of e1 are capable of inducing m1
derivatives to form ctene plates. Further experiments are
required to examine the exact timing of these inductive
events.
In another study we discovered that e2 progeny are
equired for the regeneration of comb plates from m1
progeny during the adult phase (Henry and Martindale,
2000). Here we show that e2 is not important for embryonic
contributions of m1 to comb plate formation (e.g., labeled
m1-derived comb plates formed when all four 1E cells,
hich includes their e2 daughters, were ablated; Figs. 4K
nd 4L, Table 2). Thus, while embryonic comb plate induc-
ion and adult comb plate regeneration share many simi-
arities, there are some significant differences in terms of
he cell interactions required for comb plate formation.
The observation that either of the m1 daughters can make
comb plates suggests that the inductive signal generated by
the e1 cells may be mediated by direct cell contact. The
eason m11 does not normally make comb plates could be its
remote position relative to the inductive signals provided
by e1 derivatives (Fig. 2F). Early during development m12 is
n contact with e11 and its sister cell m11 lies in a remote
TABLE 2
Comb Plate Production in Partial Embryos
Cellular
composition
Number
examined
Number with
unlabeled
comb plates
Number with
labeled comb
plates
1 (1 or 2)a 10 10 0
m1 (2 or 4)a 10 0 0
e1 (4), m1 (4) 22 22 0
1 (4), m1 (4), e2 (4),
m2 (4), e3 (4) 20 20 0
1 (4), m1 (4), e2 (4),
m2 (4), e3 (4), 2M (4) 13 13 11 (85%)
e1 (4), m1 (4), e2 (4),
m2 (4), e3 (4), 3E (4) 24 24 14 (58%)
e1 (4), m1 (4), 1M (2) 21 21 12 (50%)
e1 (4), m1 (4), 1E (2) 14 14 7 (57%)
e1 (4), m1 (4), 1E (4) 15 15 14 (93%)
Note. In each case all the m1 cells were diI labeled, while the
ther cells were unlabeled. Numbers in parentheses under the
olumn labeled “cellular composition” represent the number of a
articular cell included in the partial embryos. Endomesodermal
rogenitors are highlighted as bold text.
a See also same results by Farfaglio (1963). See text for further
etails.Copyright © 2001 by Academic Press. All rightlocation closer to the sagittal plane. When aboral micro-
meres in ctenophores are deleted, the remaining cells con-
tinue to divide and move toward the oral pole during
gastrulation via epiboly. The space occupied by the missing
cell (i.e., m12) is filled in so that m11 and e1 derivatives
should have ample opportunity to make new contacts with
one another. Following ablation of m12, contact between
hese cells is established rather quickly, usually following
ne or two additional rounds of division. On the other hand,
uring the late stages of development, m11 and m12 descen-
dants normally interdigitate with those of e1 (Martindale
nd Henry, 1999). Thus, m11 derivatives could have some
pportunity to experience these inductive signals in the
ntact embryo; however, this may occur after the induction
as occurred or when the competence to respond to these
ignals has been lost. The fact that m11 can form comb
plates when m12 is deleted at the 32-cell stage could indicate
hat the inductive signals from the e1 lineage take place or
ersist during later stages of development. On the other
and, an alternative explanation why m11 does not nor-
ally make comb plates could be ascribed to lateral inhi-
ition provided by m12 or its progeny. Thus, the e1 inductive
signal could occur earlier, at the 16-cell stage. At this time
we do not know exactly when these inductive interactions
take place, though preliminary experiments indicate that
comb plate induction proceeds over a prolonged period of
development (data not shown).
Evolutionary Implications: Inductive Interactions
during Metazoan Development and Evolution
Many examples of transgerm tissue induction exist
among the higher metazoans—for instance, the well-known
examples of inductive interactions involving the Nieuw-
koop and Spemann organizers in amphibian embryos,
which are involved in induction of the mesoderm via
interactions between endodermal and ectodermal precur-
sors. These events culminate in the induction of the central
nervous system within the animal cap ectoderm via inter-
actions with axial and paraxial mesoderm (Slack, 1991).
Likewise transgerm-inductive interactions involving mul-
tiple inductors are thought to be involved in many forms of
secondary induction as well, such as the induction of the
vertebrate lens within placodal ectoderm (Grainger, 1992).
In ascidians, mesodermal tissues need inductive interac-
tions from endoderm for their formation (Nakatani and
Nishida, 1994; Kim and Nishida, 1999; Kim et al., 2000),
nd it is likely that such inductive interactions are also
nvolved in the development of the ascidian nervous system
Venuti and Jeffery, 1989). There are many examples among
rotostome invertebrates as well. For instance, in the gas-
ropod Ilyanassa obsoleta the shell gland, derived from the
ctoderm, requires endodermal inductive interactions
Cather, 1967). As mentioned above, we cannot distinguish
hether mesodermal and/or endodermal derivatives of the
and M lineages are responsible for the inductive signals
equired for comb plate formation. However, this is the first
eport of multiple inductive interactions in ctenophores,s of reproduction in any form reserved.
C46 Henry and Martindalewhich involve two or more germ tissues. Ctenophores
occupy a key basal position in metazoan phylogeny, al-
though it is not yet clear whether the ctenophores are the
sister group to the Bilateria (Ax, 1989, 1996; Zrzavy et al.,
1998) or branch at a more basal position in the Metazoa
(Wainright et al., 1993; Collins, 1998). While we are cer-
tainly not suggesting that any homology exists in the
lineages or fates of the tissues involved in the different
examples of above-mentioned metazoan induction, trans-
germ tissue-inductive interactions are widespread and may
represent an evolutionarily ancient developmental mecha-
nism utilized in the formation of a variety of organ systems.
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